New cell and tissue sources are needed for the regenerative treatment of articular cartilage damage. Human induced pluripotent stem cells (hiPSCs) are an abundant cell source due to their self-renewal capacity. Hyaline cartilage tissue particles derived from hiPSCs (hiPS-Carts), 1-3 mm in diameter, are one candidate source that can be used for transplantation. When transplanted to fill the defects of articular cartilage, hiPS-Carts form a repair tissue by integrating with each other and with adjacent host tissue. In this study, we analyzed the integration capacity using an in vitro model and found that hiPS-Carts spontaneously integrate with each other in vitro. hiPS-Carts consist of cartilage at the center and perichondrium-like membrane that wraps around the cartilage. The integration started at the perichondrium-like membrane at around 1 week. Then, the integration progressed to the cartilage within 4-8 weeks. RNA sequencing analysis identified a higher expression of FGF18 in the perichondrium-like membrane in hiPS-Carts compared with the central cartilage. The addition of FGF18 to the model accelerated the integration of hiPS-Carts, whereas the addition of a FGFR inhibitor inhibited it. These results suggest that FGF18 secreted from the perichondrium-like membrane plays a role in the integration of hiPS-Carts. Understanding the integration mechanism of hiPS-Carts is expected to contribute to the realization of regenerative treatment for patients with articular cartilage damage.
Introduction
A rticular cartilage covers the ends of bones and provides lubrication between opposing bones during joint motion. It consists of chondrocytes and the cartilage extracellular matrix (ECM), which embeds the chondrocytes. Chondrocytes produce cartilage ECM, while cartilage ECM provides chondrocytes with an environment that supports the chondrocytes to sustain chondrocytic characters, including the production of cartilage ECM, indicating a mutually dependent relationship.
Damage to cartilage seldom heals because it causes a loss of cartilage ECM. Cells cannot be chondrocytes in the absence of cartilage ECM, [1] [2] [3] and nonchondrocytic cells do not produce cartilage ECM in the defect in the joint surface created by the damage. Although recent regenerative treatments have employed the implantation of autologous chondrocytes or mesenchymal stem cells into articular cartilage defects, these cell implantations without cartilage ECM do not reproduce cartilage, as indicated by the formation of fibrocartilaginous repair tissue. [4] [5] [6] [7] To overcome this limitation, the implantation of allogeneic cartilage has been employed. Because cartilage has low immunogenicity, 8, 9 articular cartilage damage has been treated by transplanting allogeneic cartilage without matching HLA types or use of immunosuppressive drugs. [9] [10] [11] [12] [13] While promising results have been obtained, the lack of donors, heterogeneous quality of the cartilage obtained from different individuals, and risk of disease transmission suggest an alternative method is preferred. In particular, new materials that can be transplanted into articular cartilage defects as regenerative treatment for joint injury are desired. 14 Induced pluripotent stem cells (iPSCs) 15, 16 are a potential cell source for all cell types, including chondrocytes. iPSCs are somatic cells, such as skin cells or blood cells, that have been reprogrammed to the pluripotent state by the introduction of specific factors. iPSCs have similar properties, such as pluripotency and self-renewal, with embryonic stem cells, but do not require the sacrifice of embryos. We previously reported a method to generate scaffoldless cartilage tissues from human iPSCs (hiPSCs). 17, 18 Three-dimensional culture of chondrogenically-differentiated hiPSCs in suspension culture causes these cells to secrete and deposit cartilage ECM to form cartilage. These hiPSC-derived cartilages (hiPS-Carts) are spherical and about 1-3 mm in diameter. When hiPS-Carts were transplanted into the defective articular cartilage of minipigs that were treated with immunosuppressive drugs, they constituted articular cartilage and showed indications of integration with native mini-pig articular cartilage at 4 weeks after transplantation. 17 When hiPS-Carts were transplanted into the defective articular cartilage of immunodeficient rats, they integrated with adjacent rat native cartilage at the sides and bone at the bottom at 4 weeks after transplantation. 17 In addition, we found that hiPS-Carts have low immunogenicity similar to natural cartilage, as indicated by the lack of proliferation of lymphocytes in a mixed lymphocyte reaction assay. 19 These findings collectively suggest that hiPS-Carts can be a new source for allogeneic transplantation to treat defects of articular cartilage. The numbers of hiPS-Carts needed to fill a defect depend on the size of the defect in the articular cartilage. In a clinical setting, we are planning to implant around 25 hiPS-Cart per 1 cm 2 defect and fix them with fibrin glue. To heal the defect, hiPS-Carts must integrate with each other and the host cartilage; however, the integrating process of hiPSCarts is not known.
In the present study, we report that hiPS-Carts have the capability to integrate with each other when left attached in vitro. Using this in vitro model, we analyzed the mechanisms of hiPS-Cart integration and investigated methods that promote the integration.
Materials and Methods

Ethics statement
All experiments were approved by the institutional review board, institutional animal committee (as appropriate), and the institutional biosafety committee of Kyoto University.
Cells and tissues
hiPSCs: Four iPSC lines, 409B2, 604B1, 1231A3 and QHJI, were generated from different healthy individuals and were gifted by K. Okita, M. Nakagawa, and S. Yamanaka (Center for iPS Cell Research and Application [CiRA], Kyoto University, Kyoto, Japan). 20 409B2 was generated from human dermal fibroblasts, and 604B1, 1231A3, and QHJI from human peripheral mononuclear cells. Episomal plasmid vectors (pCXLE-hOCT3/ 4-shp53-F, hSK, hUL, EBNA1) were electroporated, and all cells were negative for genome integration.
hiPS-Carts: hiPSCs were chondrogenically differentiated to produce hiPS-Carts following a previously described method 17 with modification. hiPS-Carts generated by chondrogenic differentiation for 12 weeks were used in the experiments.
Integration of hiPS-Carts in vitro
Two hiPS-Carts were put into a well of a round-bottom 96-well plate (Fig. 1A) 17 In total, 84 wells, each of which contained a pair of hiPS-Carts, were prepared. Wells were divided into seven groups (12 pairs per group), and each was subjected to macroscopic and histological analyses at a respective time point (0, 3, 7, 10, 14, 28, or 56 days after the start of the integration experiment). We mildly changed the medium every day, paying attention not to change the positions of hiPS-Carts.
Time-lapse imaging of integration hiPS-Carts were prepared from 201B7 hiPSC lines bearing either CAG-EGFP (317-12) or CAG-mCherry (511-5B) transgenes targeted to the AAVS1 locus. 21 The integration of an EGFP hiPS-Cart and a mCherry hiPS-Cart was subjected to time-lapse observation using a multiphoton laser microscope (Nikon A1R MP+) and analysis software (Nikon NIS Elements). Fluorescent images were captured every 1 h for 11.5 consecutive days. Each image in the movie represents 100 ms; thus 24 h corresponds to 2.4 s. The time-lapse images were interrupted several times when the iPS-Carts moved and went out of the field of view.
Manipulation of FGF signaling during integration of hiPS-Carts
Recombinant human FGF18 (PeproTech) was dissolved in phosphate-buffered saline (PBS) to prepare a stock solution (100 mg/mL). In total, 90 pairs of hiPS-Carts were cultured in the condition described above. One pair per well was cultured in 0.3 mL medium. Forty-five pairs were cultured in the medium supplemented with vehicle (0.3 mL PBS), and 45 pairs were cultured in the medium supplemented with 0.3 mL FGF18 stock solution (final concentration 100 ng/mL). The 45 pairs in each treatment group were further separated into three equally-sized groups and subjected to histological analysis (3, 7, or 14 days after the start of the experiment).
To further investigate the effects of FGF on the integration, a FGF inhibitor, NVP-BGJ398 (ChemScene LLC), was used in the culture. NVP-BGJ398 was dissolved in DMSO to prepare 50 mM stock solution. In total, 30 new pairs of hiPS-Carts were cultured in the condition described above. Fifteen pairs were cultured in medium supplemented with vehicle (0.3 mL DMSO), and the other 15 pairs were cultured in medium supplemented with 0.3 mL NVP-BGJ398 stock solution (final concentration 50 nM). After 14 days of culture, the samples were subjected to histological analysis.
Histological analysis
Pairs of hiPS-Carts were fixed with 4% paraformaldehyde, processed, and embedded in paraffin. To secure the sections that covered the most contacting area between the pairs, we prepared 20-150 serial sections around the integrated portion of the sample (Fig. 1B ). Serial sections with the greatest contacting portion were selected and used for further analysis. The sections were stained with hematoxylin-eosin and safranin Ofast green-iron hematoxylin and immunostained with goat antitype I collagen antibody (Souther Biotech) and anti-type II collagen antibody (Thermo), as described previously. 17 
RNA extractions from perichondrium-like membrane and central cartilage
We peeled QHJI hiPS-Carts to separate the perichondriumlike membrane from the central cartilage using forceps under stereomicroscopy. RNAs were extracted separately from the perichondrium-like membrane and central cartilage. Samples were frozen in liquid nitrogen and crushed using Multi Beads Shocker (Yasui Kikai, Osaka, Japan), and total RNA was extracted using ISOGEN Ò (Nippon Gene) and purified with RNeasy (Qiagen).
RNA sequencing analysis
The quality of the extracted RNAs was evaluated using Bioanalyzer 2100 (Agilent Technologies). One microgram of total RNA was subjected to library preparation using TruSeq Stranded mRNA Library Prep Kit (Illumina) according to the manufacturer's instruction. The quality and quantity of the constructed libraries were evaluated using Bioanalyzer 2100 and Qubit dsDNA HS assay kit (Thermo). The libraries were sequenced in 75-cycle single-read mode of NextSeq 500 (Illumina). All sequence reads were extracted in FASTQ format using BCL2FASTQ Conversion Software (v2.17.1.14.). The adaptors, the poly-A sequences, and the low-quality bases at the 3¢ read ends were trimmed using cutadapt-1.12. Untrimmed and trimmed reads were mapped onto the human genome hg38 using TopHat-2.1.1. We utilized human gene annotation from GENCODE release v25. For gene expression analysis, the expression level of each gene was normalized to reads per kilobase of exon per million sequence reads (RPKM) using Cufflinks-2.2.1.
Real-time reverse transcription-polymerase chain reaction expression analysis
We extracted total RNAs separately from three perichondrium-like membrane samples, three central cartilage samples, and three whole hiPS-Carts. Five hundred nanograms of total RNA was reverse-transcribed into first-strand cDNA using ReverTra Ace (Toyobo, Tokyo, Japan) and an oligo(dT)20 primer. PCR amplification was performed using KAPA PROBE FAST qPCR kit or KAPA SYBR FAST qPCR kit Master Mix ABI prism (KAPA Biosystems, MA). The PCR primers used are listed in Table 1 . The RNA expression levels were normalized to the level of GAPDH expression. Amplified products were used to derive standard curves for real-time quantitative reverse transcriptionpolymerase chain reaction (RT-PCR).
Statistical analysis
The data are shown as averages and standard deviations. In this study, we used the two-tailed Student's t-test or Steel-Dwass test. p-Values <0.05 were considered to be statistically significant.
Results
Analysis of the course of integration between QHJI hiPS-Carts in vitro
Two hiPS-Carts started to bond after 7 days and proceeded to form a solid union after that ( Fig. 2A, macroscopic image) . Histologically, one hiPS-Cart consists of cartilage at the center and perichondrium-like membranous tissue that wraps around the cartilage ( Fig. 2A, safranin O staining) . On day 7, when the hiPS-Carts started integrating, only the perichondrium-like membranes were integrated, whereas the cartilages of the hiPS-Carts were separated by the membrane. A portion of the perichondrium-like membrane at the integrated site was thickened on days 14, 28, and 56 ( Fig. 2A, right column) , suggesting that cells in the perichondrium-like membrane had proliferated. On day 14, we found portions of the cartilage of the two hiPS-Carts were in contact. The contact became substantial on day 28, and the cartilage had integrated by days 56 and 84 ( Fig. 2A, second and third columns) .
The perichondrium-like membrane in hiPS-Carts expressed type I collagen (Fig. 2B) . In contrast, central cartilage expressed type II collagen. On day 7, we detected a clear line (Fig. 2B, square) , indicating type I collagen expression in the contact face between the two hiPS-Carts and that the contact was between the perichondrium-like membranes. On day 14, the type I collagen-expressing line was disappearing, and by day 84 it had completely disappeared, indicating that the two hiPS-Carts were integrated by cartilage. Type II collagen was expressed in the connected site as strongly as it was in the central cartilage (Fig. 2B, right  column) .
Statistical analysis of integration progression of hiPS-Carts
For statistical analysis, we graded the degree of integration of hiPS-Carts at each time point: grade 0, no integration; grade 1, integration by perichondrium-like membrane; grade 2, integration by cartilage (Table 2) . Because the grades are nonparametric data, we performed statistical analysis with the Steel-Dwass test. All samples were grade 0 (no integration) on day 0 and grade 2 (integration by cartilage) on day 56. The grades on the time points after day 7 were significantly different from that on day 0 (Table 3) . The grades on the time points before day 14 were significantly different from those on day 56.
Integration of hiPS-Carts was reproduced in different hiPSC lines
To confirm that our findings applied to multiple iPSC lines, we created hiPS-Carts from 409B2, 604B1, and 1231A3 as well. As with QHJI, when two hiPS-Carts were left attached in the culture dish, they spontaneously integrated gradually, and histological analysis confirmed the integration (Fig. 2C) .
Time-lapse imaging of hiPS-Carts integration
Time-lapse imaging of the integration indicated that cells in the perichondrium-like membrane migrated into the perichondrium-like membrane of the other hiPS-Cart (Supplementary Video S1). This observation suggests that the perichondrium-like membrane plays a substantial role during integration.
mRNA expression analysis of perichondrium-like membrane of hiPS-Cart
Histological analysis of dissected samples confirmed separation between the perichondrium-like membrane and central cartilage (Fig. 3A) . RNAs were extracted from the perichondrium-like membrane and the central cartilage separately and subjected to RNA sequencing analysis. The RPKM values for COL2A1 and SOX9 were higher in central cartilage than in perichondrium-like membrane, whereas the RPKM values for COL1A1 were vice versa (Fig. 3B) , suggesting that the sampling and RNA sequencing experiments were performed well. Among differentially expressed genes, we found FGF18 mRNA was expressed more in the perichondrium-like membrane than in the central cartilage (Fig. 3B, C and Table 4 ). We confirmed the differential expression of these genes between the perichondrium-like membrane and central cartilage by real-time RT-PCR expression analysis (Fig. 3D ).
FGF18 expressed in the perichondrium-like membrane regulates integration of hiPS-Carts
The addition of FGF18 to the medium accelerated the integration of hiPS-Carts. On day 14, vehicle-treated hiPSCarts showed minimal integration, whereas FGF18-treated hiPS-Carts showed substantial integration (Fig. 4) . Histologically, FGF18-treated hiPS-Carts showed thick connections by the perichondrium-like membrane. We found a significant difference in the grades of integration between vehicle-treated and FGF18-treated pairs of hiPS-Carts on day 14 (Table 5 ).
In contrast, the addition of a FGFR inhibitor, NVP-BGJ398, to the medium inhibited the integration of hiPSCarts. On day 14, 11 out of 15 pairs of vehicle-treated hiPS-Carts showed integration, whereas no pairs of NVP-BGJ398-treated hiPS-Carts did (Fig. 5 and Table 6 ). We found a significant difference in the grades of integration between vehicle-treated and NVP-BGJ398-treated pairs of hiPS-Carts (Table 6 ).
Discussion
Here we show that hiPS-Carts initially integrate with each other at the perichondrium-like membrane and then subsequently at the central cartilage in vitro. The integration of hiPS-Carts in vitro is a common event of hiPSC-derived cartilage, because the integration was reproducible in hiPS- Carts from different hiPSC lines. RNA sequencing analysis revealed that the perichondrium-like membrane expressed higher FGF18 than the central cartilage. Addition of FGF18 accelerated the integration and increased the thickness of the perichondrium-like membrane. These results, together with our time-lapse imaging of migration of cells in perichondrium-like membrane during the integration, suggest that FGF18 accelerates the integration by stimulating cells in the perichondrium-like membrane. The result that the addition of FGFR inhibitor inhibited integration further supports the speculation that FGF18 secreted from perichondrium contributes to integration. Regarding the source of FGFs, we cannot exclude the possible contribution of FGFs in FBS in the medium, but we speculate that effect was weak because the concentration of FBS we used was low (1%). Because a previous report found that FGF18 is highly expressed in perichondrium 22 and because we found FGF18 was specifically expressed in the perichondrium-like membrane in hiPS-Carts, the perichondrium-like membrane of hiPS-Carts may correspond to perichondrium.
There are two possible courses that explain how the membranous integration became cartilaginous integration. One is that the membrane at the contacting area is resorbed, and subsequently the cartilage of both hiPS-Carts expand and integrate with each other. The other is that cells in the membrane turn into chondrocytes, which then produce cartilage that integrate together at the center of the two hiPSCarts. Further experiments are required to identify which of the two mechanisms accurately describes the integration process.
Our result that FGF18 accelerates integration in vitro suggests that the healing process after the transplantation of hiPS-Carts into articular cartilage defects will be enhanced by administering FGF18. However, we should note the differential effects of FGF signaling on different types of cells. 23 FGF signaling stimulates the proliferation of most cell types, including fibroblasts, but it inhibits the proliferation and differentiation of chondrocytes. 24 FGF18 has been reported to affect proliferation, differentiation, and ECM production in a context-dependent manner. 25, 26 In the present study, although the connected area was thick in FGF18-treated hiPS-Cart pairs, all pairs were connected only by the perichondrium-like membrane and not by the cartilage on day 14 ( Fig. 4 and Table 5 ). In addition, safranin O staining intensities in the cartilaginous portion of hiPS-Carts were reduced in FGF18-treated hiPS-Cart pairs on day 14 (Fig. 4) . These findings suggest that FGF signaling enhances the initial integration of hiPS-Carts by the perichondrium-like membrane, but may inhibit the later stage of cartilage integration, thus reducing cartilage quality. To accelerate the healing of hiPS-Cart transplants, treatment with FGF18 should be limited to the initial stage.
We closely analyzed the integration of hiPS-Carts created from the QHJI hiPSC line. QHJI hiPSCs were generated from blood cells from a healthy individual homozygous for the most common HLA type in Japan. QHJI hiPSCs were generated at clinical grade for the purpose of using in clinical settings. Accordingly, we are planning to transplant hiPS-Carts generated from QHJI hiPSCs into articular cartilage defects of patients in an allogeneic manner in the near future. This study has clarified the integrating activity of hiPS-Carts in vitro and provides insight into the mechanism of the integration. We expect these findings to contribute to the understanding of the healing process of transplants and to the realization of regenerative treatment for articular cartilage damage. 
